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This article reports on the resolution of mass detection by optical and capacitive methods in ambient
atmosphere using very thin single-crystalline silicon microcantilevers. The detectable minimum
mass by optical sensing increases slightly with decreasing cantilever size due to temperature
fluctuation noise. Using capacitive detection, a detectable minimum mass of below 110−14 g can
be obtained using cantilevers with resonance frequencies of 78–80 kHz. From an experimental
comparison, we find that the detectable minimum mass by capacitive detection is slightly smaller
than that obtained by optical detection using a cantilever with resonant frequency of 78 kHz. Using
theoretical modeling and experimental results relevant to gas adsorption-desorption to the sensor
surface, it is found that the adsorption-desorption noise by gases with infinitesimal partial pressure
in the air surrounding a cantilever significantly influences the resonance frequency fluctuation of the
cantilever in the high resonance frequency region. © 2007 American Institute of Physics.
DOI: 10.1063/1.2811911
I. INTRODUCTION
Mass sensors employing micro/nanoscale cantilevers
have been studied for applications in various research fields
such as biochemistry, environment, and biomedicine due to
their extreme sensitivity.1–9 In a simple harmonic resonance
mode, these inertial mass sensors operate on the basis of the
fundamental resonance frequency shifts in response to mass
changes. They have fundamental problems of performance in
ambient atmosphere.10 In viscous fluid, the quality factor Q
factor of vibrating resonators declines due to air damping
and air squeezing effects.11,12 Also, various noise sources,
including thermomechanical noise, adsorption-desorption
noise from surrounding gas molecules, and temperature fluc-
tuation noise caused by finite thermal conductance of the
resonator, limit the resolution of the mass sensor.13,14 Minia-
turizing a resonator is an effective way to increase mass reso-
lution along with increasing the mass sensitivity. However,
miniaturization of a sensor with finite thermal conductance
increases temperature fluctuation, especially if its measure-
ment method, such as optical sensing, generates heat and
causes heat conduction.15 From this point of view, capacitive
sensing is less affected by temperature fluctuations than op-
tical sensing because it does not employ an optical source. In
this study, we investigate mass sensing resolution using a
very thin single-crystalline silicon resonator in ambient at-
mosphere. We evaluate the size dependence of the cantilever
on mass resolution using optical detection and compare ex-
perimental results from both methods to show that capacitive
detection is less affected by noise than optical detection in
ambient atmosphere. The dominant noise process of capaci-
tive resonant mass sensing in ambient atmosphere is dis-
cussed on the basis of the theoretical noise model of
McWhorter16 applied to gas adsorption-desorption noise.
II. NOISE
Frequency noises in a mechanical resonator are gov-
erned by several mechanisms including noise processes that
originated in the noise of the readout circuit10,18,19 and are
fundamental to the resonator itself. The fundamental noises
include the thermomechanical noise, adsorption-desorption
noise from surrounding gas molecules, and temperature fluc-
tuation noise caused by the finite thermal conductance of the
resonator.13,20 The temperature fluctuation noise is funda-
mental to any object with finite heat capacity. Below, we
investigate how these noise processes impose limits upon the
resolution of micromechanical resonant mass sensors.
A. Thermomechanical noise
As a resonator is in thermal equilibrium with its environ-
ment at a finite temperature, the mechanical vibration of the
resonator is coupled to a thermal reservoir by its thermody-
namic energy. This thermomechanical vibration causes fre-
quency fluctuation in the resonator and limits the resolution
of the resonant mass sensor. The frequency fluctuation fnoise
due to thermomechanical vibration of the resonator is given
by10
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fnoise2 =
f0kBTB
2kQzosc2 
, 1
where f0, kB, T, B, and Q are the resonance frequency, Bolt-
zmann constant, temperature of thermal reservoir, band-
width, and quality factor, respectively. k is the stiffness of the
cantilever, and zosc
2  is the mean-square vibration amplitude
of the cantilever. Using Eq. 1, the detectable minimum
mass mmin limited by the thermomechanical noise is ex-
pressed as follows:21
mmin =
2G
f02.5
 kkBTB
Qzosc2 
, 2
where  is the signal integrating time and G is the geometry
factor of the cantilever. In the case that a square beam is
employed and mass is uniformly loaded on the cantilever,
G=1.37. From Eq. 2, it is found that the detectable mini-
mum mass decreases with decreasing cantilever size.
B. Gas adsorption-desorption noise
Gas adsorption-desorption noise has been discussed in
detail by Vig and Kim15 and Yong and Vig.22 The mechanical
resonance of a resonator in ambient atmosphere is inevitably
influenced by surrounding gas molecules. These molecules,
as they adsorb and desorb on and from a site on the resonator
surface, change its resonance frequency by random mass
loadings due to their finite binding energy at a given tem-
perature. This is a source of frequency noise in the resonator.
The adsorption and desorption of molecules do not change
the vibrating energy of the resonator on average, since the
arrival and departure times of the molecules are random, but
instead cause the resonant frequency of the resonator to fluc-
tuate. The spectral density of the frequency fluctuation
caused by gas adsorption-desorption is given by22
Sff 
8r0r1f0m/m2/N
r0 + r13 + 42f2r0 + r1
, 3
where r0 and r1 are the rate of adsorption and desorption to
and from one site on the resonator, respectively. m, m, f0, N,
and f are the mass per unit area of a monolayer of molecules,
effective mass of the cantilever, the resonance frequency of
the cantilever, the number of adsorption-desorption sites, and
the Fourier frequency, respectively. Using Eq. 3 and the
transfer function of the measurement system in the frequency
domain, the frequency fluctuation of the resonator stemming
from gas adsorption-desorption is given by
f0 = 8r0r1f0m/m2Nr0 + r12 tan−1 	 2r0 + r1

1/2
. 4
C. McWhorter model for low-frequency noise
Frequency noise in an electrical amplifier is normally
caused by effects such as temperature fluctuations due to
thermal exchanges between the amplifier and its environ-
ment, and the fluctuation of the power voltage. Frequency
noise with a spectral density inversely proportional to fre-
quency is called 1 / f noise. This type of frequency noise
exists widely in nature, where fluctuation phenomena often
exhibit a 1 / f spectral density, but the origin is still unclear.
However, in some cases, a model of the 1 / f spectrum is
known. For example, fluctuation of carrier density in a metal
oxide semiconductor MOS is described by the McWhorter
model.22 According to this model, the spectral density of 1 / f
noise is given by an integration of Lorentz spectrum with
time constant t as expressed below:
Ss = 
t1
t2 1
t
t
1 + t2
dt . 5
This spectral density can be regarded as constant at low fre-
quencies 1 / t2, proportional to −2 at the high frequen-
cies 1 / t1, and having a 1 / f spectrum in the intermedi-
ate region 1 / t21 / t1. This model applies in the case
that the repetitive occurrence of a physical process to gener-
ate noise is inversely proportional to the time constant of the
process, for example, a carrier tunneling into the oxide trap
in MOS devices, or a molecular adsorption-desorption on the
surface of vibrating resonators. In the case of MOS devices,
it is assumed that 1 / f noise arises because energy levels at
the interface between the oxide and semiconductor modulate
the number of carriers by either capturing or releasing them,
and this repetitive process of capturing and releasing is in-
versely proportional to the time constant of each process. In
a similar manner, for the origin of low-frequency noise in a
vibrating resonator under atmospheric pressure it is assumed
that the number of gas molecules on the sensor surface due
to adsorption and desorption are modulated as a function of
their activation energy against the sensor surface, and this
repetitive molecular adsorption and desorption is inversely
proportional to a time constant of each process.22
III. EXPERIMENTS
A. Detectable minimum mass by optical sensing
The detectable minimum mass was evaluated by measur-
ing the fluctuation of the self-oscillation frequency of a can-
tilever using a laser Doppler vibrometer. The cantilever was
self-oscillated with positive feedback from the laser Doppler
vibrometer output via a phase shifter and gain adjuster. A
laser He-Ne with a wavelength of 633 nm at 0.11 mW was
focused at the end of the cantilever beam. Cantilevers with
lengths, width, and thickness of 12–62 m, 8 m, and 170
nm, respectively, were evaluated in this experiment. This ex-
perimental setup for optical detection has been described in
detail elsewhere.23 Figure 1 shows the measured detectable
minimum mass as a function of the cantilever length, com-
pared to the theoretical limit due to thermomechanical noise
calculated from Eq. 2, shown with a solid line. The param-
eters used in this case were T=293 K, =1 Hz, and B
=1 Hz. From the experimental results, a detectable mini-
mum mass of 210−14 g was obtained with the 26 m
long cantilever in atmosphere at room temperature. The de-
tectable minimum mass is larger than that of the theoretical
value, which decreases with decreasing cantilever length. In
the actual use of a microresonator with finite heat capaci-
tance, temperature fluctuation due to the irradiation of the
cantilever by the laser beam from the Doppler vibrometer
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causes resonance frequency to fluctuate. According to one
article,15 temperature fluctuation noise caused by heat radia-
tion and convection increases as the resonator volume de-
creases. In this experiment, the measured detectable mini-
mum mass increases slightly with decreasing cantilever size,
a behavior consistent with that expected from temperature
fluctuation noise.
B. Detectable minimum mass by capacitive sensing
Figure 2 shows the schematic illustration and magnified
scanning electron microscope SEM image of the mass sen-
sor using a thin single crystalline silicon cantilever as a reso-
nator with two opposite electrodes for the capacitive readout
and the electrostatic actuation. The device structure of the
mass sensor was described in detail elsewhere.17 The detect-
able minimum mass of the capacitive mass sensor was char-
acterized by frequency modulation detection based on ca-
pacitive sensing with a LC oscillator, as shown in Fig. 3. A
Clapp oscillator, which is a type of electrical LC oscillator
with a high resonant frequency, was used. In this setup, the
electrical capacitance of the mass sensor between the canti-
lever and the detection electrode is employed as the capaci-
tive component of the electrical LC oscillator. The resonant
frequency of the LC oscillator varies with the change of the
sensor capacitance and is modulated by the mechanical self-
oscillation of the sensor. The vibration signal of the cantile-
ver is obtained using a FM demodulator, and its frequency
change due to mass loading is determined by a frequency
counter. Self-oscillation of the cantilever was achieved using
positive feedback from the vibration signal via a phase and
gain adjuster. In this experiment, cantilevers with lengths,
width, and thickness of 66–81 m, 8 m, and 250 nm,
respectively, were tested. The measured fundamental reso-
nance frequencies ranged between 52 and 80 kHz, and the Q
factors were approximately 9–11 in atmospheric pressure.
The sensing electrode was placed opposite to the cantilever
with a 7 m gap. The sensing electrode was 1518 m2
in size, and its calculated capacitance was 3.410−16 F. The
measurement was conducted inside a metal shield to reduce
external electrical noise. A piezoelectric actuator was em-
ployed to vibrate the cantilever in this experiment. The reso-
nant frequency RF from the LC oscillation circuit was ap-
proximately 1 GHz, and the intermediate frequency IF
down-converted from the RF signal by a mixer was adjusted
to be approximately 500 kHz. The noise amplitude of the
sensor output was evaluated from the spectrum of the output
voltage signal without vibrating the cantilever. The measured
noise amplitude was corresponding to a vibration amplitude
of 0.05 nm / Hz0.5 in the frequency domain, in comparison
with the vibration amplitude of the cantilever at the actuation
voltage of 10 V. This vibration amplitude is equivalent to a
capacitance variation of 2.910−21 F. Figure 4 shows the
detectable minimum mass of the self-oscillated cantilever
measured using the frequency counter as a function of the
signal integrating time. The obtained values show that a de-
tectable minimum mass of below 110−14 g can be ob-
FIG. 1. Color online Detectable minimum mass using the optical detection
method as a function of the cantilever length, compared with that of ther-
momechanical noise.
FIG. 2. Color online Schematic illustration and magnified image by scan-
ning electron microscope SEM of the mass sensor employing a thin single-
crystalline silicon cantilever as a resonator with two opposite electrodes for
capacitive readout and electrostatic actuation.
FIG. 3. Experimental setup for capacitive detection method.
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tained using cantilevers with resonance frequencies of 78–80
kHz and signal integration time of 0.2–0.8 s. If the resonant
frequency fluctuation limiting mass resolution is white noise,
the noise should decrease with increasing signal integration
time. However, we observed that the detectable minimum
mass does not change with the increase of signal integration
time. This discrepancy is caused by low-frequency noises
originating in the electrical circuit or by an intrinsic noise
source of the resonator such as gas adsorption-desorption, as
discussed later.
C. Detectable minimum mass by the capacitive and
the optical sensing
The advantage of the capacitive detection technique
compared with the optical detection technique is that it does
not introduce temperature fluctuation noise due to local heat-
ing by laser irradiation. In the optical technique, this tem-
perature fluctuation noise results from the fluctuation of heat
flow from the cantilever to the support and ambient atmo-
sphere. In contrast, the capacitive detection method intro-
duces a capacitance noise due to charge fluctuation in the
capacitance. In this experiment, the detectable minimum
mass of a cantilever was experimentally investigated using
both capacitive and optical detection methods. The length,
width, and thickness of the cantilever were 67 m, 8 m,
and 250 nm, respectively. The calculated spring constant of
the cantilever was 0.02 N/m. The measured fundamental
resonance frequency was approximately 78 kHz, and the Q
factor was approximately 11 at atmospheric pressure. In both
cases, the vibration amplitude zosc was adjusted to 230 nm.
Both measurements were performed in ambient atmosphere
at room temperature 300 K in a metal chamber. Figure 5
shows the detectable minimum mass measured by both opti-
cal and capacitive detection as a function of the time con-
stant of the signal integration time. The theoretical detectable
minimum mass limited by thermomechanical noise was cal-
culated, taking into account air damping and the squeeze
effect, plotted as a solid line in Fig. 5.11,24,25 It can be ob-
served that the detectable minimum mass using capacitive
detection was slightly smaller than that using optical detec-
tion. At the short integration time of 0.02–0.038 s, the de-
tectable minimum mass obtained with capacitive detection is
close to that of the calculated theoretical result. With a time
constant of 0.08 s, a detectable minimum mass of below 1
10−14 g was obtained using the capacitive detection. As
the signal integration time increased, the difference between
the experimental and the theoretical values increased in both
methods. We believe this occurs because flicker-type fre-
quency fluctuation, which exhibits larger noise at lower fre-
quency, occurs due to gas adsorption-desorption process.
This process depends on the activation energy of gas mol-
ecules on the surface of the mass sensor, on the ambient
pressure, and on the temperature of the environment.22 This
frequency fluctuation limits the detectable minimum mass of
the sensor in actual use in ambient atmosphere to values well
above the theoretical limit due to thermomechanical noise.
D. Gas adsorption-desorption noise
Gas adsorption-desorption processes dominated by ther-
mal activation of gas molecules on the resonator surface are
a typical noise source of the resonator in the use of micro-
mechanical devices in ambient atmosphere. In order to inves-
tigate this noise, the frequency fluctuation of the self-
oscillation of the mass sensor was measured under
atmospheric pressure of pure N2 at room temperature
300 K in a metal chamber. The mass sensor evaluated
was the same as the one used above: this sensor had a spring
constant of 0.02 N/m. The length, width, and thickness of the
cantilever were 67 m, 8 m, and 250 nm, respectively.
The surface of the cantilever had no coating, only a natural
silicon oxide outer layer. For theoretical estimation of noise,
the influence of the gas adsorption-desorption noise on the
resonant mass sensor was investigated by adapting the noise
model of Eq. 5 and the spectral noise density function of
Eq. 3 to the frequency fluctuation of the self-oscillation of
the mass sensor under atmospheric pressure of N2 including
an infinitesimal residual gas of H2O at room temperature.
Parameters for the calculation on noise spectrum are as-
sumed as follows: the partial pressure of N2=760 Torr,
H2O=110−6 Torr, site space=0.5 nm, 	=110−13, de-
sorption activation energy of N2=6 kcal /mol, and desorp-
tion activation energy of H2O=20 kcal /mol.26 Figure 6
shows the measured spectral noise density of the self-
oscillation of the mass sensor dotted line and the calculated
spectral noise density according to the theoretical model
FIG. 4. Color online Detectable minimum mass using capacitive detection
method as a function of the time constant of signal integrating time.
FIG. 5. Color online Detectable minimum mass measured by both optical
and capacitive detection as a function of the time constant of the signal
integrating time.
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solid line. In this figure, spectral noise density exhibits a
Lorentz spectrum in the frequency domain, and the theoret-
ical model agrees well with the experimental results. Accord-
ing to Eq. 3, a large adsorption-desorption rate to and from
the surface leads to a nearly frequency-independent spectral
noise density. On the contrary, a small adsorption-desorption
rate, resulting from a minute number of molecules in ambi-
ence, gives the Lorentz spectrum shape. Since we observe
the Lorentz spectrum shape, we believe that the main com-
ponent of the low-frequency noise due to gas adsorption-
desorption is the infinitesimal number of molecules with dif-
ferent adsorption and desorption rates in ambience, such as
H2O molecules. By putting the above parameters into Eq.
4, we can obtain the expected fluctuation of resonance fre-
quency by gas adsorption-desorption noise. Figure 7 exhibits
the calculation results of the fluctuation of the resonant fre-
quency by gas adsorption-desorption as a function of reso-
nant frequency for various cantilever sizes length and
width, which is also compared with the thermomechanical
noise from cantilevers of the same sizes. The resonance fre-
quency fluctuation due to thermomechanical noise is theo-
retically calculated by Eq. 1 using the constant value of the
quality factor Q, where the change of Q in relation to the
length variation of the cantilever is not taken into account.
From the reported article, the Q’s of the micron- and
submicron-scale oscillators increase linearly with increasing
thickness and are roughly independent with their length
variation in the range of 50–350 m under vacuum
pressure.12 The fluctuation of the resonance frequency due to
thermomechanical noise is inversely proportional to resonant
frequency. On the other hand, the fluctuation of the reso-
nance frequency due to gas adsorption-desorption noise is
independent of resonant frequency, i.e., it does not depend on
cantilever size. The parameters that define spectral noise
density due to gas adsorption-desorption depend only on the
partial pressure, the desorption activation energy of the gas
to the resonator surface, and the temperature. It is also ap-
parent from Fig. 7 that the fluctuation of the resonant fre-
quency due to gas adsorption-desorption becomes dominant
over that of thermomechanical noise in the high resonant
frequency region, above 1 kHz. Therefore, we presume that
the differences in detectable minimum mass between the ex-
perimental and the theoretical results in the low-frequency
region in Fig. 5 result from the adsorption-desorption noise
from gases with infinitesimal partial pressure in air.
IV. SUMMARY AND CONCLUSION
In this article, we have evaluated the resolution of mass
sensing by optical and capacitive detection in ambient atmo-
sphere employing very thin single-crystalline silicon micro-
cantilevers. The detectable minimum mass by optical sensing
increases slightly due to temperature fluctuation noise with
decreasing cantilever size whereas the thermomechanical
noise decreases with decreasing cantilever length. In capaci-
tive detection, a detectable minimum mass of below 1
10−14 g can be obtained using cantilevers with resonance
frequencies of 78–80 kHz and the signal integration time of
0.2–0.8 s. From an experimental comparison, we find that the
detectable minimum mass by capacitive detection is slightly
smaller than that obtained by optical detection using a can-
tilever with resonance frequency of 78 kHz, and this detect-
able minimum mass does not change with increasing signal
integration time. Using the theoretical modeling and experi-
mental results relevant to gas adsorption-desorption to and
from the sensor surface, it was found that the adsorption-
desorption noise by gases with infinitesimal partial pressure
in air significantly affects the resonance frequency fluctua-
tion of a cantilever in the high resonant frequency region.
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